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Nuclear fusion

� The power source of stars, including our sun (see Serway
Eq. 14.10):
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Net effect: four protons combine to make an alpha particle and two
positrons, releasing 25 MeV of energy. Works at high temperature
(1:5 � 107 K) and high pressure in sun's interior.

� These reactions are a little easier to drive (work at lower
temperature and pressure; Serway Eq. 14.11):
D-D: 2
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Deuterium (21H) is cheap; can get 0.12 g from 1 gallon of water for
about $0.04. Tritium is hard to get and hast1=2 = 12:3 years and is
produced mainly in nuclear reactors.
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Nuclear fusion

� From the curve of binding energy, if we can cause light nucleito
fuse we can release even more energy per nucleon.

� Requires high density and high kinetic energy(=temperature) to
overcome the Coulomb barrier.

� Fusion products have a short half-life and thus don't present a
long-term nuclear waste problem. However, all reactor materials
get �ooded with neutrons so just about everything is made
radioactive.

� One approach: extreme heating of a fusion pellet using lasers
(interial con�nement fusion or ICF). We talked about NIF at
Livermore: : :

� Another approach: magnetically con�ned plasma (magnetically
con�ned fusion or MCF).

� The challenges are daunting! “Fusion is thirty years away”—a
statement made beginning in the 1950s. “Fusion is the energy
source of the future, and always will be.”
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The Lawson criterion
Required temperature/density combination for energy breakeven. See
also Serway Fig. 14-13.



Nuclear fusion

Nuclear weapons

The curve of
binding energy

Fission

Nuclear weapons

Manhattan Project
235U
239Pu

Trinity

Hiroshima and
Nagasaki

Fusion weapons

Centrifuge
enrichment

Iran's centrifuges

Example nuclear
weapons

Proliferation

TFTR at Princeton

Tokamak Fusion Test Reactor. Operated 1982–1997 at Princeton
University.
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Joint European Torus

Oxfordshire, UK, 1983–1999 with some continued operation.An inside
view when “cold” and when operating:
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ITER

ITER: International Toka-
mak Engineering Reactor.
Planned for France, 2016.
Goal is to demonstrate meth-
ods to extract energy, and to
perhaps reach momentary
“engineering” breakeven.
But US funding eliminated
by Congress in 2007!

To date: US has given
a total of $27M towards
ITER, or about 1/3 of the
�rst-weekend ticket sales of
the most recent Wolverine
movie (NY Times, April 30,
2009).

http://www.iter.org


Nuclear fusion

Nuclear weapons

The curve of
binding energy

Fission

Nuclear weapons

Manhattan Project
235U
239Pu

Trinity

Hiroshima and
Nagasaki

Fusion weapons

Centrifuge
enrichment

Iran's centrifuges

Example nuclear
weapons

Proliferation

Twenty �ve years ago

� 1983–4: Height of the Cold War between the USA and USSR.
Each have more than 20,000 weapons, with many on rapid alert.

� USA putting Pershing II nuclear-armed missiles into Germany.
Massive protests, such as 600,000 people in Berlin.
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Today

The USSR is no more!

� USSR ends production of highly enriched uranium in 1988.

� Nuclear weapons tests end after 1990.

� Ukraine, Kazakhstan, and Belarus transfer their nuclear weapons to
Russia in 1993.

� Russia ends plutonium production in 2006.

The USA de-emphasizes nukes.

� Plutonium production ends in 1989.

� Production of highly enriched uranium ends in 1992.

� Nuclear weapons tests end after 1992.

May 2009: Obama and Medvedev agree to cut nuclear arsenals by
another 25%.

So can we relax?
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Forgotten, but not gone!



Nuclear fusion

Nuclear weapons

The curve of
binding energy

Fission

Nuclear weapons

Manhattan Project
235U
239Pu

Trinity

Hiroshima and
Nagasaki

Fusion weapons

Centrifuge
enrichment

Iran's centrifuges

Example nuclear
weapons

Proliferation

Small nukes? Not so benign

� Hiroshima: 15 kt (kilotons of
TNT equivalent). 70,000
immediate deaths?

� Nagasaki: 21 kt. 35,000
immediate deaths?

� Biggest nuke was 50,000 kt! But
more typically 100–500 kt.

Hiroshima (from Rhodes)

Reed & Stillman:
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Not gone; let's not forget!

Our agenda:

� How did they come about?

� How do they work?

� What does it take to make them?

� Who has them?

� Should we worry?

Some sources:

� Richard Rhodes, “The Making of the Atomic Bomb”

� Thomas Reed and Danny Stillman, “The Nuclear Express”

� Stephen Younger, “The Bomb”
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Lise Meitner
� Group leader at the Kaiser

Wilhelm Institute for
Chemistry in Berlin

� Loses research
independence after Hitler
consolidated power in 1933
(she was an Austrian Jew).

� Collaboration with Otto
Hahn on nuclear chemistry
until she left for Sweden in
1938.
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Meitner and Frisch

� Christmas vacation, 1938, in
Kungälv, Sweden

� Her nephew, physicist Otto
Frisch, brings news of Hahn's
latest experiments with Fritz
Strassman. They are puzzled:
why is barium produced in
uranium decays?

� On a long walk in the snowy
woods, Meitner, with Frisch,
�gures out the puzzle!

� Uranium is undergoing �ssion,
with massive energy release
due toE = mc2!

� 1944: Hahn receives the Nobel
Prize in Chemistry.
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The curve of binding energy
Simple model of nuclear binding energies pioneered by von Weizsäcker,
Z. Phys.96, 431 (1935).
In this inverted curve of the negative binding energy, nuclei like to roll
up the hill.

This �gure from Georgia State'sHyperphysicsweb site

http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/nucbin.html
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Nuclear �ssion
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Fission: neutron moderation

Cross sections for neutron capture by235U vary by orders of magnitude
depending on the neutron energy.
Neutrons can be slowed using water, or heavy water, or graphite.

Australian Uranium Information Centre

http://www.uic.com.au/uicphys.htm
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Nuclear weapons: �ssion

� If we have just pure235U, the fast neutrons can produce a very fast
chain reaction: an explosion! Concentrations required areperhaps
80% or more for ef�cient weapons.

� There's a critical mass set by the interaction length of fastneutrons
(Rudolph Peierls, 1939). Thought to be less than 25 pounds: a4”
solid sphere (if it weren't �ssionable), or a 8” sphere with a6”
hollow core!

� It's relatively easy to make a uranium bomb: just slam together two
uranium lumps like shooting a uranium bullet into a hollow
uranium cylinder. The second nuclear weapon (the one dropped on
Hiroshima, Japan on August 6, 1945) was of this type, and was
useduntested.

� The trick is this: how do you get several kg of nearly pure235U
when it's only 0.72% of natural uranium? Done at Oak Ridge
during WWII.
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Gun-type235U bomb
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Calutrons for isotope separation

Basically a massive mass spectrometer.Veryinef�cient, and requires
lotsof electrical power to run magnet coils. Oak Ridge, Tennessee.
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Calutron operators
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Gaseous diffusion for isotope
separation

Slight differential in diffusion rate through a membrane due to different
masses (UF6 gas). Also very inef�cient!
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The K-25 plant close-up
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Implosion bombs using plutonium

� By irradiating238U with neutrons (such as in a nuclear reactor), one
can transmutate some into239Pu which is �ssionable!

� Because239Pu has a different nuclear charge than238U, it is
possible to use chemistry to separate it out. Much easier than
isotope separation! Pioneered by Glen Seaborg, Berkeley.

� A challenge with239Pu is that the �ssion neutrons are produced
more quickly so “gun”-type assembly of a critical mass will lead to
premature heating, expansion, and a “�zzle” of an explosion.

� Solution: implosion of a hollow sphere. Very dif�cult to achieve,
and there was uncertainty whether it would work so it was tested.
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Trinity test core

From Richard Rhodes,The Making of the Atomic Bomb:
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Producing plutonium

A set of nuclear reactors were built in Hanford, eastern Washington,
where they could use the Columbia River for cooling water. This �gure
from Rhodes:
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Plutonium separation

From Rhodes:
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Separation controls

From Rhodes:



Nuclear fusion

Nuclear weapons

The curve of
binding energy

Fission

Nuclear weapons

Manhattan Project
235U
239Pu

Trinity

Hiroshima and
Nagasaki

Fusion weapons

Centrifuge
enrichment

Iran's centrifuges

Example nuclear
weapons

Proliferation

Trinity test, July 16, 1945

Near Alamogordo, New Mexico. Sand underneath test tower wasfused
into glass.
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Use against Japan
� Following a series of brutal battles across islands in the Paci�c

(Saipan, Iwo Jima: : :), some people predicted casualties of 1
million amongst US forces if an invasion of Japan were to be
carried out. However, Japan was also in increasingly desperate
straits by the end of July 1945. Some scientists from the Manhattan
project urged that a bomb be demonstrated to the Japanese
leadership, but how to arrange? What if it �zzled?

� President Franklin Delano Roosevelt dies from a stroke in April 12,
1945 and is succeeded by Vice President Harry Truman.

� Hiroshima, August 6, 1945: home base for Japanese forces in
Manchuria. Uranium gun-type bomb. Nagasaki, August 9, 1945:
major war material production center and sea port. Plutonium
implosion-type bomb.

� In both cities, about 100,000 immediate deaths from� 15 kiloton
TNT equivalent explosions. For one account of the events, see the
short bookHiroshimaby John Hersey.

� Japan surrenders, August 15, 1945. Were they preparing to
surrender anyway? Or did Japan's nuclear weapons physicists
quickly understand what was going on?
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Little Boy and Fat Man

USSR: copy of Fat Man tested on Aug. 29, 1949 before indigenous
designs allowed.
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Modern weapons: �ssion/fusion

� Fusion offers more energy release per mass.

� Requires high temperature and compression. How can this be done
when the �ssion trigger blows things out?

� Solution: radiation pressure (focused X rays from trigger)to
compress and heat fusion fuel before neutrons arrive.

� First test: USA on Nov. 1, 1952, using liquid hydrogen (not
deliverable by airplane!)

� Use neutrons on6Li to generate tritium. First deliverable bomb:
USSR, Aug. 12, 1953, then USA on Feb. 28, 1954.
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Fission/fusion sequence
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Schematic of a bomb?

Source: Greenpeace UK, Federation of American Scientists.
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The Cold War

� At their peak around 1985, the US and USSR each had about
20,000–30,000 nuclear weapons.

� Nuclear testing: about 2000 tests worldwide, including about 500
above-ground.

� Both the US and the USSR developed a triad of weapons delivery
systems: bombers, intercontinental ballistic missiles (� 30 minutes
“door-to-door delivery”), and missile-launching submarines. Other
nations have one or two parts of such a triad.

� Strategic weapons: destroy big targets in the interior of the
opposing country (missile launch sites, command and control
centers, and cities as a last resort). First strike; “use them or lose
them.”

� Tactical weapons: destroy troop concentrations, command centers,
etc.on the battle�eld.
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Nuclear weapons tests

From Wikipedia:
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Perfecting nuclear weapons

� The WWII bombs wereveryconservative in design.
� Weapons testing allowed various tricks to be perfected.

� Improved conventional high exposives that won't go off in accidents
(e.g., aircraft crash and �re).

� Levitated implosion cores (to drive a nail, do you push with a
hammer, or swing it?)

� Small accelerators as neutron initiators.
� 235U or 239Pu triggers with238U �ssion boosts.
� Improved radiation heating of Li-based fusion cores.
� Permissive Action Links (PALs) of increasing sophistication, so that

only a speci�c, secret electrical signal sequence will arm abomb.
� A danger: are US weaponstoo “tweaky” to be robust to ageing? Will

they rust in peace? Codeword: stockpile stewardship. New
generation of robust, simpler weapons?
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Gas centrifuges

The modern approach to uranium enrichment: put UF6 in centrifuges at
50–70 krpm to get gravitational force of about 106g. Use 10–20 stages
to get good enhancement of235U relative to238U.
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Gernot Zippe

� Austrian physicist working for
Luftwaffe during WW II.

� Captured by USSR at end of WW II,
and ended up leading their centrifuge
program.

� Released by USSR in 1956. Found
western centrifuge programs to be
way behind.

� University of Virginia, late 1950s:
recreated USSR design. Left US after
demand that he become a citizen to
continue this work.

� Returned to Europe, and was a
founder of the UK/Dutch/German
centrifuge enrichment company
URENCO.

Gernot Zippe
(1917–2008), from
www.uranuss.at
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Centrifuges in Iran

� Centrifuge technology likely spread from France to Pakistan, and
from there to Iran.

� Countries that sign the nuclear Non-Proliferation Treaty (NPT;
1968) gain the right to develop peaceful uses of nuclear power, with
monitoring from the International Atomic Energy Agency (IAEA).

� Iran is part of NPT and says it is only developing uranium
enrichment for nuclear power. Reactors only require enrichment
from 0.7% to 2.5–3.5%. IAEA found Iran to be in non-compliance
with nuclear materials reporting obligations in 2005.

� The pictures that follow: from the New York Times on April 29,
2008; and March 14, 2009.
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Natanz, Iran
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Photos from Iran

A: Intelligence Minister. B. President. C: Defense Minister. D: Head of
Atomic Energy
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Centrifuge schematic
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Davy Crockett

Artillery shell with � 2–4 km range. W-54 warhead: 11” diameter, 75
pound weight, 0.25 kt yield. Tested in 1962.
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The Tsar bomb

The Russian “Tsar” bomb:� 50 Mt (dropped from an airplane in 1961).
See
http://en.wikipedia.org/wiki/Tsar_Bomba
A 1952 US test at 10 Mt vaporized a coral island in the Paci�c.
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Modern example: W80
� B61: developed by Los Alamos 1961–1968 (airplane-dropped

bomb; up to 340 kt).

� Smaller version sought for cruise missles; W80 developed byLos
Alamos 1976–1982.

� 290 pounds, dial-a-yield from 5–150 kt, 31” long, 12” diameter.
We have� 2000 or so of these.
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MIRVs
MIRV bus: multiple independent re-entry ve-
hicle (on a missle). CEP (circular error prob-
able) is 30 m for Tomahawk (cruise missile),
80–100 m for LG-118A (land-based missile; 8
warheads; decommissioned 2005!), 90–120 m
for Trident II (submarine-based missile; up to
8 warheads each; total of 2700 warheads on 14
submarines).

US W-88 warhead:
470 kT. 1.75 m long,
0.55 m max diameter,
� 360 kg mass.
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The nuclear club

� Declared nuclear weapons states with �ssion/fusion: USA (1945),
USSR/Russia (1949), United Kingdom (1952), France (1960),
People's Republic of China (1964).

� Additional declared states: India (1974), Pakistan (1998), North
Korea (2006).

� Undeclared states: Israel (1967? 1979?), South Africa (1979?;
dismantled six nukes and renounced program in 1990).
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Nuclear inbreeding?

Graphic from Dec. 8, 2008New York Timesbased on Reed & Stillman:
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Getting good at it

Modern US arsenal:� 500! (Figure: Reed & Stillman)
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Fission to fusion

(Reed & Stillman)
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India

First test: 1974, with yield about 10 kt. 1998 tests:

(Reed & Stillman)
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Pakistan
Help from China around 1982. Pakistani test in China on May 26, 1990?
(Reed and Stillman).
Pakistan's 1998 tests:

(Reed & Stillman)
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Abdul Qadeer (AQ) Khan
� PhD in metallurgical engineering in

Belgium, 1972.

� Worked at URENCO (founded by
Zippe) 1972–1975.

� Head of Pakistani uranium enrichment
program in 1976; rivalry and
independence from Pakistani Atomic
Energy Commission.

� 2004: televised confession to selling
nuclear weapons technology to Iran,
North Korea, and Libya. Plans and
kits turned over by Libya to
International Atomic Energy Agency.
Khan under house arrest.

� 2008: in poor health; released from
house arrest but not allowed to travel.
Publicly disavows 2004 confession.
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North Korea

� A.Q. Khan's CHIC-4/A235U design, based on information from
China to Pakistan circa 1982? Attempts at trickier239Pu implosion
weapons, since they are doing reactor fuel reprocessing?

� Oct. 9, 2006: �rst underground nuclear test. Yield about 0.5–1 kt?

� May 25, 2009: second test. Yield around 4 kt?

� As with missiles, they are far from perfecting nuclear weapons.
However, getting hit by 4 kt still leads to a pretty bad day: : :
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Are they gone?

� No! Still number in thethousands.

� USA produced 994 metric tonnes of highly enriched uranium, and
111.4 metric tonnes of plutonium.

� USSR produced 1200 metric tonnes of highly enriched uranium,
and 150 metric tonnes of plutonium.

� 0.1% of USSR production is enough for 16 uranium bonbs and 25
plutonium bombs (Reed & Stillman).
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Pantex

USA has� 14,000 plutonium pits stored at Pantex plant near Amarillo,
Texas.
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The responsibility of physicists

J. Robert Oppenheimer, director of the Manhattan Project:

In some sort of crude sense which no vulgarity, no humor, no
overstatement can quite extinguish, the physicists have known
sin; and this is a knowledge which they cannot lose.

From
http://en.wikiquote.org/wiki/Robert_Oppenheimer
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